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Abstract 27
Understanding the neural underpinning of conscious perception remains one of the primary 28 challenges of cognitive neuroscience. Theories based mostly on studies of the visual system 29 differ according to whether the neural activity giving rise to conscious perception occurs in 30 modality-specific sensory cortex or in associative areas, such as the frontal and parietal 31
cortices. Here, we search for modality-specific conscious processing in the auditory cortex using 32 a bistable stream segregation paradigm that presents a constant stimulus without the 33 confounding influence of physical changes to sound properties. ABA_ triplets (i.e., alternating 34 low, A, and high, B, tones, and _ gap) with a 700 ms silent response period after every third 35 triplet were presented repeatedly, and human participants reported nearly equivalent 36
proportions of 1-and 2-stream percepts. The pattern of behavioral responses was consistent 37
with previous studies of visual and auditory bistable perception. The intermittent response 38 paradigm has the benefit of evoking spontaneous perceptual switches that can be attributed to a 39 well-defined stimulus event, enabling precise identification of the timing of perception-related 40 neural events with event-related potentials (ERPs). Significantly more negative ERPs were 41 observed for 2-streams compared to 1-stream, and for switches compared to non-switches 42
during the sustained potential (500-1000 ms post-stimulus onset). Further analyses revealed 43 that the negativity associated with switching was independent of switch direction, suggesting 44 that spontaneous changes in perception have a unique neural signature separate from the 45 observation that 2-streams has more negative ERPs than 1-stream. Source analysis of the 46 sustained potential showed activity associated with these differences originating in anterior 47 superior temporal gyrus, indicating involvement of the ventral auditory pathway that is important 48
for processing auditory objects. 49 50
Significance Statement 51
When presented with ambiguous stimuli, the auditory system takes the available information 52
and attempts to construct a useful percept. When multiple percepts are possible from the same 53 stimuli, however, perception fluctuates back and forth between alternating percepts in a bistable 54 manner. Here, we examine spontaneous switches in perception using a bistable auditory 55 streaming paradigm with a novel intermittent stimulus paradigm, and measure sustained 56 electrical activity in anterior portions of auditory cortex using event-related potentials. Analyses 57 revealed enhanced sustained cortical activity when perceiving 2-streams compared to 1-stream, 58
and when a switch occurred regardless of switch direction. These results indicate that neural 59 responses in auditory cortex reflect both the content of perception and neural dynamics related 60
to switches in perception. 61 62
Introduction 63
The moment-to-moment conscious states we all experience represent an enormous variety of 64 experiences, due to our capacity to process many different types of stimuli while also 65 incorporating internal and external contextual factors into our perceptual representations.
66
According to the global workspace theory (Baars, 1988 To answer these questions, we devised an experiment that uses an established bistable 116 auditory stream segregation paradigm (Bregman, 1990; Van Noorden, 1975) , but with 117
intermittently presented stimuli (Kornmeier and Bach, 2004; Pitts et al., 2008) . This paradigm 118
presents triplets of ABA_ tones where A corresponds to a low tone, B to a high tone, and the 119 blank, _, to the absence of a tone. When presented repetitively, these triplets can be perceived 120
as either a single "galloping" auditory stream, or two separate streams (i.e., two metronomes). 121
Typically, participants hold down one button (1-stream) or a second button (2-streams) to 122 continuously indicate their perception. In this experiment, however, every third triplet is followed 123 by a brief pause during which the participant presses the button to indicate their perception. The 124
benefits of this approach are two-fold. First, it tightens the temporal link between components of 125
the EEG and what a participant determines to be a 1-or 2-stream percept, potentially allowing 126
for the separation of components related to the contents of perception and those related to the 127 switch in perception. Secondly, it also changes the morphology of the event-related potentials 128
(ERPs). In particular, the introduction of 700 ms of silence provides a well-defined baseline 129 period, enabling clearer identification of the negative sustained potential (500-1000 ms), an 130 auditory ERP that arises from the ventral auditory pathway that is linked to auditory object 131 perception (Scherg et al., 1989) . The sustained potential is therefore a component of the ERP Review Board. Experimental data, protocols, and analytical routines will be made available at 143 https://osf.io/b4qrh/?view_only=81a1f5038e304822978d6d147ae70b3d, and upon direct 144
request to the corresponding author. Prior to the experiment all participants provided informed 145 consent followed by a standard hearing screening to ensure that audiometric thresholds did not 146 exceed 25 dB hearing level at 0.25, 0.5, 1, 2, 4, and 8 kHz. An additional 23 individuals 147 participated in the experiment were excluded due to a scarcity of trials in which a switch in 148 perception was reported. Fourteen of these (out of Ntotal = 53) reported fewer than 20 total 149 switches in perception throughout the experiment, overwhelmingly reporting 1-stream 150 perception for the entire experiment. The remaining nine participants had noisy EEG data to a 151 degree that less than 20 switch trials remained following the automatic epoch rejection that is 152 described below. Therefore, the elevated number of excluded participants might be attributed to 153 increased difficulty perceiving the 2-stream percept in this paradigm. In this case, our data 154 would not provide insight for a subset of listeners who require different stimulus parameters to 155 perceive 2-streams. 156 157
Intermittent Response Paradigm 158
A variation of the classic ABA_ auditory stream segregation paradigm was used. Participants 159
were presented with repeating triplets of A and B tones, a stimulus that elicits alternating 160
percepts of a single "galloping" auditory stream, or two separate "metronome" streams. Each 161 700 ms triplet consisted of A (400 Hz) and B (565.5 Hz) tones (6 semi-tone separation) 162
presented in an ABA_ pattern with 175 ms separation between tone onsets, and a silent interval 163 substituted for the 2 nd B tone ( Fig. 1 ). Tones were 73 ms in duration. Three triplets presented in 164 sequence followed by a 700 ms silent period designated for responding, defined each trial (2.8 s 165 total). Prior to the experiment, participants were familiarized with the task and practiced 166
conveying their perceptual response with a button press (button 1 for 1-stream, or button 2 for 167 2-streams; Cedrus response pad) during the 700 ms period following the 3 ABA_ triplets. The 168 entire experiment was divided into 8 blocks of 75 trials presented in each block. Short breaks 169
were provided to participants in between blocks. 170 171
Stimulus Presentation 172
Auditory stimuli were presented to listeners via insert earphones (E-A-RTONE 3A Insert 173
Earphones) at 65 dB SPL while sitting in a sound attenuation chamber. Prior to the experiment 174 participants were instructed to keep their eyes focused on a white fixation cross on a gray 175 background presented in the center of a computer screen and to report their perception with a 176 button press. Participants were instructed to allow their perception to fluctuate without trying to 177 hear the pattern one way or the other. All experimental stimuli were presented and responses 178 recorded using routines written in the Julia programming language. 179 180
EEG data collection and analysis 181
During the task, EEG data were recorded using the BIOSEMI ActiveTwo system ( results were used to manually select and remove components related to ocular artifacts. 188
Continuous data were then epoched for each 2.8 s trial and automatic epoch rejection 189
(pop_autorej) was used to remove epochs that exceeded a threshold of 120 µV. Participants 190 had to meet an inclusion criterion of at least 20 epochs retained that corresponded to a 191 perceptual switch. Specifically, a participant must have indicated a switch in perception via 192
button press in at least 20 trials, and at least 20 of those epoched trials must have survived 193 automatic epoch rejection. Each epoch was then defined by percept and/or switch condition: 1-194 stream, 2-streams, switch, no-switch, switch from 1-to 2-streams, and switch from 2-to 1-195 stream. Trials designated as 1-or 2-streams did not include switch trials. tested pair served as the test-statistic for comparison with a null-distribution (next step). 206
The second step generates a permutation, or null distribution by resampling each waveform-207 comparison via random partitioning; a process that in essence scrambles the condition-labels 208
and resamples the data into two equal-sized new, or permuted datasets. This process was 209 repeated 1000 times for each channel and subject, effectively resulting in 1000 resampled 210
waveforms nominally corresponding to each condition. The outcome of this process generates 211 1000, 30-subject permuted datasets. The contiguous cluster analysis described above was then 212
performed on each population, resulting in a permuted distribution of 1000 summed t-values 213
representing the largest contiguous region of significance for each permuted population. 214
In the final step, a p-value was calculated based on the number of instances the permuted 215 distribution from step 2 exceeded the test-statistic from step 1. If the probability was less than 216 0.05 (50 out of 1000), the difference was considered significant. 217 218
Source Analysis 219
Separate grand average waveforms (averaged across participants) for each of five conditions 220 (all trials, 1-stream, 2-streams, switch 1-stream to 2-streams, switch 2-streams to 1-stream) 221
were imported into BESA (Brain Electrical Source Analysis, Gräfelfing, Germany) software for 222 dipole source analysis. The grand average that included all trials was used to find a general 223 solution that accounted for the scalp data during the sustained potential using two pairs of 224 symmetric dipoles. That solution was then applied individually to each of the other conditions, 225
source waveforms were extracted for each of those conditions, and were used to qualitatively 226 reconstruct individual comparisons observed in the scalp data. Response patterns reflecting perception of 1-or 2-streams were collected and analyzed from 30 232 participants. In an effort to establish that the intermittent presentation strategy employed here 233 resulted in a similar pattern of bistable perception as the conventional continuous presentation 234
paradigm, a number of perceptual characteristics were examined. First, in accord with previous 235 studies, participants typically reported an initial bias to perceive 1-stream (Bregman, 1978; 236 Pressnitzer and Hupé, 2006) followed by convergence towards an equivalent chance of 237
reporting 1-or 2-streams (Sanders et al., 2018) , approximately 10 trials into the block ( Fig. 2A;  238 black line). A similar measurement of switch probability measured over time revealed a 239 consistent rate of switching around 0.2 (a switch was observed on about 20% of trials) over the 240 time course of the blocks (total switches per participant: 106.5mean +/-76std). In combination with 241 the roughly equal probability of 1-versus 2-stream perception (1-stream probability: 0.55mean +/-242 0.1std), these results support the hypothesis that despite the intermittent nature of the paradigm, 243 participants experienced stable perception over time, with occasional switches. If this were not 244 the case, and the intermittent design failed to allow consistent perceptual buildup, the switch 245 rate would likely be much higher, reflecting more frequent switches between the 1-and 2-246 streams percept due to interruptions in the ABA_ sequences (Cusack et al., 2004; Haywood and 247 Roberts, 2013, 2010). 248
Secondly, characteristics of the duration of a given percept -conventionally referred to as a 249
"phase" -were also in agreement with prior research. Here, each phase was defined by the 250 number of consecutive trials that the same percept was reported (each trial is 2.8 s). The initial 251 phase of each block was significantly longer in duration than following percepts ( Fig. 2B ; 252 repeated measures ANOVA: F6,29 = 4.01, p<0.001, ŋ 2 P=0.12; post-hoc t-test phase 1 vs. phase difference was observed between the duration distributions for 1-stream versus 2-stream 260
(Wilcoxon rank-sum test, Z=0.98, p=0.33). Lastly, the duration of a given phase (N) was not 261 correlated with the duration of the following phase (N+1; Fig. 2D ; R 2 = 0.05). 262 263
ERPs: 1-stream vs. 2-streams 264
ERPs were grouped into categories corresponding to 1-stream or 2-streams, switch or no-265 switch trials. Switch trials were subsequently separated into those in which perception switched 266 from 1-to 2-streams or switched from 2-to 1-stream. Presentation of long duration auditory 267 stimuli evokes a sustained negative potential that appears at frontal electrodes (Picton et al., 268 1978a (Picton et al., 268 , 1978b , and is localized to an area anterior to the portion of auditory cortex that 269
generates the N1 (Scherg et al., 1989 ). This sustained potential was observed in ERPs during 270 perception of both 1-or 2-streams, but had larger amplitude in response to 2-streams compared 271
to 1-stream ( Fig. 3A ; top row). Significant differences were observed at FC2 and F1, and overall 272 enhanced negativity for 2-versus 1-stream at channels surrounding Cz (Fig. 3A; topography evokes greater activity at scalp electrodes. Note that significant differences were observed over 277 a longer time range than indicated by the gray shading in Figure 3A , but those differences did 278 not reach the conservative contiguity requirement of the analysis. 279 280
ERPs: switch vs. no-switch 281
The last trial of each phase by definition was a trial in which a switch in perception must have 282 occurred. ERPs corresponding to switch trials were compared to no-switch trials using the 283 cluster-based permutation described above. The results revealed significantly greater negative 284 responses in the sustained potential across multiple channels for switch compared to no-switch 285 trials ( Fig. 3B; top) . Differences were mainly located at right-frontal electrodes, as reflected in 286 the difference topography (Fig. 3B; bottom) . There are two potential reasons for this observed 287
difference. The switch versus no-switch comparison does not distinguish between switching 288 from 1-to 2-streams or switching from 2 to 1 stream, and could therefore reflect the fact that 289
perceiving 2 streams results in larger activity, described above, regardless of the fact there was 290 a switch. Alternatively, the observed differences could be due to switching independent of the 291 percept. To address these possibilities two additional analyses were conducted. First, a 292 comparison of switch type was made between switches from 1-to 2-streams and a switch from 293 2-to 1-stream (Fig. 4A ). This revealed a temporal-spatial deviation, in which significant 294 differences for three channels located on the top of the head were significantly different during 295 an early part of the waveform (45-175 ms), whereas a large number of leftward channels 296 displayed significant differences during a later part of the waveform, temporally similar to the 297 comparisons shown in Figure 3 . These observations suggest at least part of the switch versus 298 no-switch difference is attributable to enhanced negativity associated with the perception of 2-299 streams versus 1-stream. Secondly, two additional comparisons were made in an effort to 300 identify an effect of switch versus no-switch, while controlling for the already established effect 301 of percept. Trials with a switch from 2-streams to 1-stream were compared to stable (no-switch) 302
1-stream percepts (Fig. 4B) , and those with a switch from 1-to 2-streams were compared to 303 stable (no-switch) 2-stream percepts (Fig. 4C) . In both cases, channels with significantly more 304 negative potentials were observed for switch trials during the sustained potential portion of the 305 ERP at frontal electrodes. 306 307
Source Analysis 308
Symmetric pairs of dipoles located bilaterally in auditory cortices and parietal lobes ( dipole orientations and over the same time range: 1-stream, 2-stream, switch 1 to 2, and switch 314 2 to 1 and in all cases explained a large proportion of the variance (Explained Variance > 0.87; 315 Table 1 ) for each condition. Source waveforms qualitatively replicated the results presented in 316
figures 3 and 4 ( Fig. 5C ; top row): 2-stream activity was greater than 1-stream, and switching 317 conditions had more activity in the sustained potential than non-switching conditions (Fig. 5B ).
318
The dipoles in auditory cortex alone also accounted for a large portion of the overall sustained 319 potential response variance (Explained Variance > 0.86; Fig. 5C Table 1 ), but source 320 waveforms isolated from these dipoles alone poorly reflect the difference between 1-and 2-321 stream percepts observed in Figures 3A and 4A (Fig. 5C; middle row) . Interestingly, differences 322 between 1-and 2-stream percepts is best reflected in the parietal sources, specifically located in 323 medial parietal cortex. The closest cortical areas to these sources are precuneus and posterior 324 cingulate cortex, regions associated with Gestalt-type integration of features into coherent 325
objects ( 
Discussion 330
To explore stable and dynamic aspects of conscious auditory perception, we performed an 331 intermittent ABA_ auditory streaming experiment. Presenting the auditory stimuli in relatively 332 discrete segments helped us identify modulations of the sustained potential during a switch in 333 perception compared to stable periods, independent of switch direction. The sustained potential 334 also reflected the contents of perception, namely whether participants were perceiving one vs. 335 two streams, during the stable periods. 336 337
Behavioral Response Patterns 338
The ABA_ streaming stimulus has been used extensively for experiments on auditory scene 339 analysis and is commonly conducted using one of two general approaches. The first is a 340 continuous-presentation design in which participants constantly indicate perception via button 341 press over the time-course of multiple minutes (Anstis and Saida, 1985; Carl and Gutschalk, 342 2013; Denham et al., 2018; Pressnitzer and Hupé, 2006) . The second typically consists of a 343 two-part sequence with an induction period followed by a test period in which a manipulation of 344
the ABA_ stimulus along one or more dimensions (e.g., temporal, spectral, location) serves as a 345
probe for perceptual continuity (Haywood and Roberts, 2010; Rogers and Bregman, 1993; 346
Yerkes et al., 2019). The first approach accommodates for the observation of spontaneous 347 switching of perception over an extended period of time, while the second provides a better-348 defined event associated with a perceptual switch. Despite the temporal discontinuity, the 349 current findings follow established behavioral patterns characteristic of the continuous button-350 response paradigm: balanced time for each percept ( Fig. 2A) , an initial percept of 1-stream 351 characterized by longer duration ( Fig. 2A, 2B) , a logarithmically shaped distribution of phase 352 duration (Fig. 2C) , and lack of correlation between sequential phase durations (Fig. 2D) Most of the ERP differences observed between 1-versus 2-streams ( Fig. 3A, 4A ) and switch 359 versus non-switch conditions (Fig. 3B, 4B, 4C) were over the portion of the waveform 360 considered to be the auditory sustained potential. This brain response is characterized by 361 negative voltage at frontal scalp locations in response to continuous auditory stimulation (Kohler 362 and Wegener, 1955; Picton et al., 1978a Picton et al., , 1978b Scherg et al., 1989) . Unlike earlier responses 363
to sound onsets and offsets that exhibit more transient positive and negative deflections in the 364 75-200 ms range, the sustained potential is unaffected by mixed presentations of click and tone-365
burst stimuli, and in the context of auditory stream segregation has been shown to be sensitive 366
to attention and features of the ABA_ tones such as frequency separation (Snyder et al., 2006) . 367
In prior work, source analysis of the underlying neural generators of the sustained potential 368 revealed bilateral, vertically oriented dipoles in anterior superior temporal gyrus (STG) (Scherg 369 et al., 1989) . In agreement with this finding, the current study found optimized dipoles located hypothesis that the differences observed in the sustained potential relate to the neural signature 374 of the streaming process, whereby stimulus features are integrated/segregated to determine 375 perception of 1-or 2-auditory streams. Evidence for separate processes is observed in the 376 ERPs, where differences between switch and no-switch trials appear earlier and extend over a 377 longer time range compared to differences between representation of 1-and 2-stream 378 perception (Fig. 3A ). This timing difference is also apparent in the source analysis where dipoles 379 1-2 corresponding to auditory cortex showed greater separation for switch versus no-switch 380 conditions earlier in the waveform ( Fig. 5C ; middle row), whereas dipoles 3-4 corresponding to 381 parietal sources showed the most separation for 1-versus 2-streams later in the waveform (Fig.  382 5C; bottom row), consistent with fMRI studies (Cusack, 2005 is triggered. Interpretation of the results of this study within the framework of this model is fairly 399 straightforward. The large potentials observed at the very beginning of a percept, while termed a 400
"switch" in this experiment, also correspond to a fresh percept prior to the forthcoming effects of 401 adaptation. As the percept proceeds, adaptation builds up until a switch occurs and another 402 fresh percept (with a large ERP) emerges. 403 
Conclusion 422
In this study, we present data from an auditory streaming experiment using an intermittent 423 stimulus paradigm that showed behavioral characteristics consistent with continuous bistable 424 perception while maintaining control of the temporal dynamics important for recording ERPs.
425
Consistent with previous studies, sustained auditory potentials associated with perception of 2-426 streams exhibited greater negative potentials than 1-stream. Unexpectedly, sustained potentials 427
were significantly more negative when a perceptual switch occurred, regardless of the switch 428 direction, leading to the conclusion that perceptual switches have a neural correlate unique from 429 the overall representation of 1-stream or 2-streams. Importantly, the ability to tease apart the 430 neural correlates associated with a) an internally derived event (a switch in perception) and b) 431
an ongoing perceptual representation, can be attributed to the unique intermittent design 432 employed in this experiment. 433 Table 1 Variance Explained solution. This solution, when applied to individual conditions accounted for the indicated 602 percentage of the variance. Dipole numbers correspond to labels in Figure 5 . for each subject. B) The initial 620 phase (length of time the same 621 percept was reported) of each 622 block exhibited longer duration 623 than subsequent seven 624 phases. Phase duration 625
represents the number of 626 consecutive 2.8 s trials the 627 same percept was reported. C) 628
The distribution of phase 629 durations pooled across the 630 participant-dataset 631 approximates a logarithmic 632 function, despite the discrete 633 nature of the variable. D) 634
Phase duration of a given percept (N) is minimally correlated (R2=0.05) with the phase duration 635 of the next percept (N+1). Error bars in A and B indicate SEM across subjects (N=30). 636
